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The Mitochondrial Presequence Translocase:
An Essential Role of Tim50 in Directing
Preproteins to the Import Channel
sequences but contain several internal targeting signals.
Both types of precursor proteins are recognized by re-
ceptors of the translocase of the outer mitochondrial
membrane (TOM complex) and transported across this
membrane through the channel-forming protein Tom40.
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Then the import pathways separate to two distinct trans-1Institut fu¨r Biochemie und Molekularbiologie
locases of the inner membrane (TIM). The noncleavableUniversita¨t Freiburg
carrier proteins are guided across the intermembraneHermann-Herder-Straße 7
space (IMS) by the Tim9-Tim10 complex and are in-D-79104 Freiburg
serted into the inner membrane by the carrier translo-Germany
case, also termed TIM22 complex.2 Fakulta¨t fu¨r Biologie
The presequence-carrying proteins are transportedScha¨nzlerstr. 1
to the presequence translocase, TIM23 complex, thatD-79104 Freiburg
contains two parts: a core unit with two integral innerGermany
membrane proteins, the channel-forming protein Tim233 Medizinisches Proteom-Center
and Tim17 (Ryan and Jensen, 1993; Ku¨brich et al., 1994;Geba¨ude ZKF E/143
Berthold et al., 1995; Truscott et al., 2001), and the im-Ruhr-Universita¨t Bochum
port motor on the matrix side that consists of the periph-Universita¨tsstraße 150
eral membrane protein Tim44, matrix heat shock proteinD-44780 Bochum
70 (mtHsp70), and its cochaperone Mge1 (Schatz andGermany
Dobberstein, 1996; Neupert, 1997; Jensen and Johnson,
2001; Pfanner and Geissler, 2001). While these five sub-
units of the presequence translocase have been knownSummary
for nearly a decade and several reports have suggested
the possible presence of additional subunits of variousMitochondrial proteins with N-terminal targeting sig-
size in the range of 10 to 60 kDa (Ryan and Jensen,nals are transported across the inner membrane via
1993; Blom et al., 1995; Berthold et al., 1995; Kanamorithe presequence translocase, which consists of mem-
et al., 1997; Ryan et al., 1998), none of the studies hasbrane-integrated channel proteins and the matrix
led to the molecular identification of an additional com-Hsp70 import motor. It has not been known how pre-
ponent of the presequence translocase. Therefore, elu-proteins are directed to the import channel. We have
cidation of presequence translocase functions haveidentified the essential protein Tim50, which exposes
been restricted to the channel-forming core and particu-its major domain to the intermembrane space. Tim50
larly to the mtHsp70 import motor. It has remained unre-interacts with preproteins in transit and directs them
solved how presequence-carrying preproteins areto the channel protein Tim23. Inactivation of Tim50
transferred through the IMS and inserted into the Tim23strongly inhibits the import of preproteins with a clas-
import channel. Tim23 and Tim17 contain four predictedsical matrix-targeting signal, while preproteins car-
transmembrane segments each. Tim23 additionally car-rying an additional inner membrane-sorting signal do
ries an N-terminal extension that spans the IMS andnot strictly depend on Tim50. Thus, Tim50 is crucial
contacts the outer membrane without coming into con-for guiding the precursors of matrix proteins to their
tact with the TOM complex (Ku¨brich et al., 1994; Bauerinsertion site in the inner membrane.
et al., 1996; Komiya et al., 1998; Donzeau et al., 2000).
It has thus been assumed that upon translocation
Introduction through the TOM complex, the cleavable preproteins
pass through the aqueous IMS and directly contact
Mitochondria contain about one thousand different pro- Tim23 (Bauer et al., 1996; Komiya et al., 1998).
teins. Only a few mitochondrial proteins are encoded In addition to the positively charged matrix targeting
by the organellar genome and are synthesized inside signal, a number of presequence-carrying preproteins
the matrix. Thus, more than 98% of mitochondrial pro- contain a hydrophobic sorting signal that arrests their
teins are synthesized as precursor proteins in the cyto- translocation in the inner membrane (Glick et al., 1992;
sol (Schatz and Dobberstein, 1996; Neupert, 1997; Jen- Beasley et al., 1993; Ga¨rtner et al., 1995a). The prese-
sen and Johnson, 2001; Pfanner and Geissler, 2001). A quence is cleaved off by the matrix processing pepti-
typical precursor protein carries an N-terminal extension dase while the remainder of the protein remains an-
(presequence) that directs the protein across both outer chored to the inner membrane or, upon a second
and inner membranes into the matrix where the prese- cleavage on the IMS side, is released into the IMS (Neu-
quence is cleaved off. Another class of precursor pro- pert, 1997). While both classes of preproteins utilize the
teins comprises the metabolite carriers of the inner presequence translocase and its known constituents,
membrane that are synthesized without cleavable pre- so far a Tim protein that differentially acts upon the
two types of presequence-carrying preproteins, matrix
proteins and proteins with inner membrane-sorting sig-4 Correspondence: nikolaus.pfanner@biochemie.uni-freiburg.de
5 These authors contributed equally to this work. nals, has not been found.
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For this report, we developed a strategy to isolate the melanogaster (AAF57243 [16.7%/35.8%]), Caenorhab-
ditis elegans (T25076 [23.0%/41.7%]), plants (Arabi-presequence translocase from yeast mitochondria via
a high-affinity tag and identified an essential protein, dopsis thaliana NP_175986 [28.3%/49.3%]), and other
fungi (Schizosaccharomyces pombe CAB51760 [35.2%/Tim50. Tim50, the only subunit of the presequence
translocase that exposes its largest domain to the IMS, 55.1%], Neurospora crassa NCU02943.1 [32.3%/49.0%]).
Tim50 was accessible to protease only upon lysis ofis required for directing matrix proteins to the Tim23
import channel. the mitochondrial membranes by detergent or opening
of the outer membrane by swelling (Figure 1D, lanes 7
and 9). Tim50 is thus accessible to protease from theResults
IMS side. After treatment of the mitochondria at pH 11.5,
Tim50 remained in the membrane pellet like the integralAn Essential Protein of the Presequence
membrane proteins Tim23 and Tom70 (Figure 1D, laneTranslocase
11) while Mge1 was extracted (Figure 1D, lane 10). To-We expressed a ProtA-Tim23 fusion construct, con-
gether with the predicted transmembrane segment intaining two IgG binding domains at the N terminus of
Tim50, this indicates that Tim50 is an integral membraneTim23, in Saccharomyces cerevisiae. Growth of the re-
protein. We separated mitochondrial outer and innersulting yeast strain was identical to wild-type cells. Mito-
membrane vesicles on a sucrose gradient. Tim50 comi-chondria were isolated and lysed with digitonin, and the
grated with Tim23 and not with the outer membranepresequence translocase was purified via IgG-Sepha-
protein porin (Figure 1E), confirming a localization ofrose. Protein bands were identified by mass spectrome-
Tim50 in the inner membrane. To test if Tim50 carriedtry (Figure 1A, lane 2). This included the known subunits
a cleavable presequence, we synthesized the protein inof the presequence translocase Tim44, Tim23, Tim17,
rabbit reticulocyte lysates in the presence of [35S]methio-and mtHsp70, termed Ssc1 in yeast. In addition, a pro-
nine/cysteine and imported it into isolated energizedtein of50 kDa, referred to as Tim50 (YPL063w), as well
yeast mitochondria. In a time-dependent manner, aas the ADP/ATP carrier (AAC), were found. Moreover, a
shorter form of Tim50 was generated (Figure 1F, lanesfragment of Tim50 was observed. We deleted the open
1–3). The formation of processed Tim50 required a mem-reading frame of one copy of TIM50 in a diploid yeast
brane potential  across the inner membrane. To verifystrain. Upon sporulation and tetrad dissection, only two
the predicted cleavage site of Tim50 after residue 43out of four spores of every tetrad were viable, indicating
(MITOPROT), we synthesized a shortened constructthat TIM50 is essential for viability of yeast cells. Western
where the N-terminal 43 residues were deleted and,blot analysis demonstrated that, upon purification of the
for comparison, a construct where the N-terminal 31presequence translocase via tagged Tim23, Tim50 was
residues were deleted (Figure 1F, lanes 5 and 7). Theenriched in the fraction eluted from IgG-Sepharose like
construct lacking 43 residues showed the same mobilityTim44 (Figure 1B, lane 8), while none of the proteins
on SDS-PAGE as Tim50 processed by mitochondriabound to IgG-Sepharose in a mock purification with
(Figure 1F, lane 6), indicating that the predicted cleavagewild-type mitochondria (Figure 1B, lane 4). Neither
site was used and that mature Tim50 has a molecularTim22, the central subunit of the carrier translocase
mass of 50.4 kDa. Mitochondria were solubilized with(Kovermann et al., 2002), nor the AAC and phosphate
digitonin and the molecular mass of the protein com-carriers were enriched in the presequence translocase
plexes was estimated following separation on a sucrose(Figure 1B, lane 8). The detection of the highly abundant
density gradient (Figure 1G). The bulk of Tim50 comigratedinner membrane protein AAC in the purified prese-
with known subunits of the presequence translocase,quence translocase (Figure 1A, lane 2) thus probably
Tim23, Tim17, and Tim44, at 230 kDa (for comparison,represents a contamination.
Tim11 is the subunit e of the dimeric FoF1-ATPase). AThe deduced primary structure of Tim50 predicts a
small amount of Tim50 migrated at100 kDa. As shownprotein of 476 amino acid residues (55.1 kDa) with a
in Figure 4C, Tim50 may have the potential to form ahydrophobic segment (residues 112–132) that is of suffi-
homodimer, suggesting that the 100 kDa form may rep-cient length to function as a membrane anchor (Figure
resent a Tim50 dimer that was released from the prese-1C, box). The N-terminal segment of Tim50 exhibits the
quence translocase by the detergent treatment. On bluecharacteristics of a mitochondrial targeting signal with
native gels, the TIM23 complex dissociated and Tim50an abundance of positively charged and hydroxylated
as well as Tim44-mtHsp70 were released from Tim23-residues as well as the potential to form an amphipathic
Tim17 (Dekker et al., 1997; data not shown). In summary, helix. A middle domain of Tim50 (residues 165–344)
the identified protein is an essential inner membranereveals homology to the NIF/CPDc domain of CTD-like
protein of 50.4 kDa associated with the presequencephosphatases (Siniossoglou et al., 2000) (51.0% similar-
translocase and is thus termed Tim50.ity to Psr1, 52.2% to Psr2, 47.8% to Nem1, 40.7% to
Fcp1, 48.7% to HsNif2); however, the active site resi-
dues of the DXDX(T/V) motif are not conserved in Tim50 Tim50 Is Involved in Import of Preproteins
into Mitochondriaand we did not find any evidence for a phosphatase
activity of Tim50. In addition, Tim50 is predicted to form To test if Tim50 is present in a functional translocase,
we used the preprotein b2(167)-DHFR that consists ofcoiled-coils at its C terminus and possesses a proline-
rich region (residues 174–191). Tim50 is highly con- an N-terminal portion of cytochrome b2 and C-terminal
dihydrofolate reductase. While authentic cytochrome b2served in evolution, being found, e.g., in man
(XP_053074 [22.6% identical residues/44.0% similar- contains a presequence with a matrix targeting signal
and a sorting signal and is thus transported to the mito-ity]), mouse (BAB25615 [23.9%/45.2%]), Drosophila
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Figure 1. Purification of the TIM23 Complex and Identification of Tim50
(A) Wild-type mitochondria and mitochondria containing Tim23ProtA (10 mg protein) were lysed and subjected to IgG-affinity chromatography.
Eluates were analyzed by SDS-PAGE and stained with Coomassie brilliant blue R250. Bands were excised and analyzed by LC-MS-MS.
(B) Tim50 is enriched together with Tim23. Fractions of the mock control and the Tim23 isolation were analyzed by Western blot. 3% of the
starting and the unbound material, 10% of the wash fraction, and 100% of the eluate were loaded. PiC, phosphate carrier.
(C) Deduced amino acid sequence of Tim50. Positive charges in the presequence are marked, the processing site is indicated by an arrow,
and a box indicates the predicted transmembrane segment.
(D) Tim50 is an integral membrane protein exposed to the IMS. Where indicated, mitochondria were lysed with 1% Triton X-100, subjected
to swelling, and/or treated with proteinase K. Mitochondria were incubated on ice at pH 11.5 and separated into supernatant (S) and pellet
(P); T, total. Samples were processed for Western blot analysis.
(E) Tim50 is an inner membrane protein. Mitochondrial outer and inner membrane vesicles were separated on a sucrose gradient. Fractions
were collected and subjected to Western blot analysis.
(F) Import and processing of Tim50. 35S-labeled Tim50 was incubated with isolated yeast mitochondria; , membrane potential. Truncation
constructs of Tim50 were run in parallel with imported Tim50 on SDS-PAGE. p, precursor; m, processed (mature) protein.
(G) The bulk of Tim50 comigrates with the TIM23 complex. Mitochondria were solubilized in buffer containing 1% digitonin and loaded on a
linear sucrose gradient; fractions were collected and subjected to Western blot analysis.
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and DHFR, in reticulocyte lysates. Mitochondria were
swollen to open the outer membrane (formation of mi-
toplasts) and incubated with IgG purified from anti-
Tim50 serum. The import of both preproteins was
strongly inhibited by the antibodies (Figure 3A). As a
control we incubated intact mitochondria with IgG di-
rected against Tim50. No significant inhibition of protein
import was observed (Figure 3A, top). To determine the
inhibitory effect of anti-Tim50 IgG with saturating
amounts of preprotein, we employed purified b2(167)-
DHFR. Anti-Tim50 IgG strongly inhibited the import of
the preprotein (Figure 3B, lanes 2–4), while no inhibition
was observed with antibodies directed against Tim54
(Figure 3B, lanes 5–7), a component of the carrier trans-
locase with a large IMS domain (Kovermann et al., 2002).
To further exclude that anti-Tim50 only caused an indi-
rect steric hindrance at the inner membrane, we pre-
pared Fab fragments from the IgG and added them to
mitoplasts. Fab directed against Tim50 as well as Fab
against Tim23 strongly inhibited the import of b2(167)-
DHFR (Figure 3B, lanes 9 and 10), while Fab directed
against Tim54 had no influence (Figure 3B, lane 11).
To obtain independent evidence for the presence of
Figure 2. Tim50 Is a Component of a Functional Translocase
Tim50 in the protein import site, we used chemical cross-Complex
linking. The precursor of Su9-DHFR can be arrested in
Purified b2(167)-DHFR was arrested in the TOM and TIM23 com- the inner membrane import site by performing importplexes in the presence of methotrexate (MTX). After lysis of the
under low ATP conditions and crosslinked to Tim44 (Ku¨-mitochondria in 1% digitonin, the complex was isolated via Ni-NTA
brich et al., 1994). Mitochondria with radiolabeled Su9-Agarose chromatography. 10% of starting material (control), 50%
of the wash fractions, and 100% of the eluate were analyzed by DHFR were incubated with the crosslinking reagent di-
SDS-PAGE and Western blotting (lanes 1–6). A parallel reaction succinimidyl suberate (DSS), reisolated, and lysed under
(lanes 7–12) was performed in the same manner except that the stringent detergent conditions. A crosslinked product
preprotein was omitted.
of 75 kDa was precipitated by anti-Tim44 antibodies
as expected (Figure 3C, lane 3), and a crosslinked prod-
uct of 80 kDa was selectively precipitated with anti-chondrial IMS, the sorting signal of b2(167)-DHFR has Tim50 antibodies (Figure 3C, lane 4). The molecularbeen inactivated by a 19 residue deletion, resulting in
mass of the crosslinked product agrees with the sum
an efficient targeting into the matrix (Voos et al., 1993;
of the molecular masses of Su9-DHFR and Tim50. Anti-
Geissler et al., 2000). The presence of the specific ligand
bodies against Tim22 did not precipitate any crosslinked
methotrexate stabilizes the folded state of DHFR such product of Su9-DHFR (Figure 3C, lane 2). These results
that it cannot be unfolded by the mitochondrial import indicate that Tim50 is in close proximity to a preprotein
machinery and b2(167)-DHFR is arrested in a two mem- in transit.
brane-spanning fashion across the TOM complex and Thus, three lines of evidence indicate that Tim50 is a
the TIM23 complex (Schwarz et al., 1993; Dekker et al., functional component of the presequence translocase:
1997; Geissler et al., 2000). We accumulated purified copurification with a preprotein-translocase-complex,
b2(167)-DHFR in a two-membrane spanning fashion in inhibition of protein import by anti-Tim50 antibodies,
mitochondria carrying the outer membrane receptor and crosslinking of a preprotein to Tim50.
Tom22 with a 10 histidine tag. We reasoned that in the
presence of arrested b2(167)-DHFR, the TIM23 complex The IMS Domain of Tim50 Interacts with Tim23
should copurify with the TOM complex. Figure 2 demon- The protease accessibility of Tim50 in mitoplasts and
strates that this was indeed the case. While in the ab- the presence of one hydrophobic segment in the N-ter-
sence of b2(167)-DHFR, no Tim protein was present in minal quarter of mature Tim50 suggest that Tim50 expo-
the eluate from the Ni-NTA Agarose (Figure 2, lane 11); ses its large C-terminal domain to the IMS (Figure 4A).
the presence of b2(167)-DHFR led to the enrichment of We expressed the C-terminal domain (Tim50IMS; residues
Tim23 and Tim17 (Figure 2, lane 5). Tim22 of the carrier 133–476) with an N-terminal histidine tag in E. coli cells
translocase and the  subunit of the mitochondrial F1- and purified it to homogeneity (Figure 4A, lane 2). Anti-
ATPase (F1) were not found in the eluate. Tim50 was bodies selectively directed against Tim50IMS were affinity
enriched in the eluate with an efficiency comparable to purified (Figure 4A, lane 4). We bound anti-Tim50IMS anti-
Tim23, Tim17, and the accumulated preprotein (Figure bodies to mitoplasts and analyzed the import of purified
2, lane 5), demonstrating that Tim50 is present in the b2(167)-DHFR. The antibodies directed against Tim50IMS
functional presequence translocase. inhibited the import of the preprotein with the same high
We asked if antibodies directed against Tim50 inhibited efficiency as antibodies directed against total Tim50
the import of preproteins. We synthesized and radiola- (Figure 4B). Thus, Tim50IMS is accessible to the antibod-
beled the precursor of F1 and the preprotein Su9-DHFR, ies in mitoplasts, confirming the proposed topology of
Tim50.consisting of the presequence of Fo-ATPase subunit 9
Mitochondrial Presequence Translocase
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Figure 3. Tim50 Is Involved in Import of Pre-
proteins into Mitochondria
(A) Antibodies against Tim50 inhibit import of
preproteins into mitoplasts. After preincuba-
tion of mitochondria and mitoplasts with anti-
Tim50-IgG and reisolation, 35S-labeled Su9-
DHFR and F1 were imported for 15 min at
25C.
(B) Antibodies against Tim50 inhibit the im-
port of a purified preprotein. Mitochondria (30
g protein) were converted to mitoplasts and
incubated with IgG or Fab fragments as indi-
cated. Purified b2(167)-DHFR was imported
for 8 min at 25C, followed by a treatment
with proteinase K. i, processed preprotein.
(C) Crosslinking of a preprotein in transit to
Tim50. 35S-labeled Su9-DHFR was imported
into wild-type mitochondria in the presence
of a membrane potential and at a low level
of ATP. The mitochondria were subjected to
crosslinking with DSS followed by immuno-
precipitation under stringent conditions. To-
tal represents 2.5% of the material used for an
immunoprecipitation with anti-Tim22 or anti-
Tim50 and 10% of that used for anti-Tim44,
respectively. Crosslinked products are indi-
cated by asterisks.
We tested for possible partner proteins of Tim50IMS in of Tim50IMS, we bound the purified domain to Ni-NTA
Agarose and incubated it with lysed mitochondria. Thea two-hybrid analysis. When Tim50IMS was fused to either
the Gal4-activation domain or the Gal4-DNA binding do- mitochondria were solubilized with Triton X-100 that, in
contrast to digitonin, leads to the dissociation of themain, no -galactosidase activity was observed as long
as the other Gal4-domain did not receive a fusion partner TIM23 complex such that a possible interaction of
Tim50IMS with individual Tim proteins could be analyzed.(Figure 4C, row 4, and data not shown). However, when
the N-terminal segment of Tim23 (residues 1–98) was We assumed that the high concentration of immobilized
Tim50IMS would shift the equilibrium in favor of an associ-fused to the activation domain and Tim50IMS was fused
to the DNA binding domain, a strong -galactosidase ation with partner proteins, even in the presence of Tri-
ton X-100. Tim23 efficiently bound to Tim50IMS (Figureactivity was observed (Figure 4C, row 2), while Tim23
fused to the activation domain alone did not yield activity 4D, lane 3), while none of the other components ana-
lyzed were found in a complex with Tim50, including the(Figure 4C, row 3), suggesting that this Tim23 segment
and Tim50IMS can interact with each other. The N-ter- further subunits of the presequence translocase (Figure
4D, lane 3), proteins of the outer membrane, IMS, orminal 50 residues of Tim23 were not sufficient for an
interaction with Tim23IMS (Figure 4C, rows 5 and 6). More- other inner membrane proteins (Figure 4D, lanes 3 and
6). Tim23 did not bind nonspecifically to Ni-NTA Aga-over, when Tim50IMS was fused to both Gal4-domains,
a weak activity was observed (Figure 4C, row 7), raising rose, since in the absence of Tim50IMS, no Tim23 was
found in the eluate (Figure 4D, top, lane 3). We con-the possibility that Tim50 has a potential for homodimer-
ization. An interaction between Tim50IMS and Tim44 was structed a yeast strain where the first 50 residues of
Tim23 were deleted. Upon lysis of isolated mitochondrianot observed, confirming the specificity of the two-
hybrid analysis (Figure 4C, row 8). with Triton X-100, the shortened Tim23 interacted with
Tim50IMS (Figure 4D, lane 9). Since the two-hybrid analy-For a biochemical determination of binding partners
Cell
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Figure 4. The Large IMS Domain of Tim50 Interacts with Tim23
(A) Proposed topology of Tim50 with a large IMS domain. Purified recombinant Tim50 constructs analyzed by Coomassie brilliant blue R250
stained SDS-PAGE; lane 1, Tim50; lane 2, Tim50IMS (residues 133–476); lanes 3 and 4, Western blot analysis of mitochondrial proteins (50 g)
probed with affinity-purified anti-Tim50 (lane 3) or affinity-purified anti-Tim50IMS antibodies (lane 4).
(B) Antibodies that were affinity purified via Tim50IMS inhibit protein import into mitoplasts. Import was performed as described in the legend
of Figure 3B.
(C) Interaction of Tim50IMS with Tim23 in a two-hybrid analysis. Indicated fragments of Tim50 and Tim23 were fused to the Gal4-DB or Gal4-
AD domain and coexpressed in the yeast reporter strain PCY2. Activation of the reporter gene LacZ was monitored by filter assays of yeast
colonies for -galactosidase activity. Minus sign indicates no staining after 5 hr of incubation, plus sign indicates weak staining, double plus
sign indicates strong staining after 1 hr.
(D) Purified Tim50IMS selectively binds Tim23. Solubilized wild-type mitochondria were applied to Ni-NTA Agarose with or without immobilized
Tim50IMS. Control (5%), unbound (5%), and eluted proteins (100%) were separated by SDS-PAGE and subjected to Western blot analysis
(lanes 1–6). Lanes 7–9, extracts from mitochondria expressing Tim2351–222 were used in the pull-down assay (15% of control, 15% of unbound,
and 100% of eluate are shown). Lanes 10–12, 35S-labeled Tim23 was synthesized in reticulocyte lysate (control, 10%) and subjected to pull-
down analysis and digital autoradiography.
sis indicated that residues 1–98 of Tim23, but not resi- off the promoter by growth on galactose-free medium,
we determined that the required time span to reducedues 1–50, were sufficient for interaction with Tim50IMS,
the segment 51–98 of Tim23 seems to be important for Tim50 to a level below that of detection, without affect-
ing levels of other components of the presequencethe association with Tim50IMS. Indeed, this segment of
Tim23 stretches through the IMS (Bauer et al., 1996; translocase, was 36 hr. Figure 5A shows that the isolated
Tim50-depleted mitochondria contained wild-typeKomiya et al., 1998; Donzeau et al., 2000). Moreover,
Tim23 synthesized in reticulocyte lysates in the absence amounts of Tim23, Tim17, Tim44, Ssc1, and Mge1 as
well as Tim22, AAC, Tom40, and Tom22. The resultsof other mitochondrial proteins efficiently interacted
with Tim50IMS (Figure 4D, lane 12), supporting the conclu- indicate that these mitochondria are selectively de-
pleted of Tim50 and not of other import components.sion of a direct interaction between Tim23 and Tim50IMS.
We conclude that Tim50 exposes a large C-terminal The Tim50-depleted mitochondria were strongly im-
paired in the import of matrix-targeted preproteins, F1,domain to the IMS where it interacts with a segment in
the N-terminal half of Tim23. Su9-DHFR, Hsp60, b2(167)-DHFR, and b2(220)-DHFR
(Figures 5B and 5C). The degree of inhibition was similar
whether only the processing of the preprotein was ana-Differential Tim50 Dependence of Matrix Proteins
and Preproteins with Sorting Signals lyzed (Figure 5C, left) or the complete import to a prote-
ase-protected location was determined (Figure 5C, mid-To selectively remove Tim50, we placed the TIM50 gene
under the control of the GAL1 promoter. After shutting dle), indicating that the lack of Tim50 already inhibits
Mitochondrial Presequence Translocase
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Figure 5. Mitochondria Selectively Depleted of Tim50 Are Inhibited in Matrix Protein Import
(A) Depletion of Tim50. Schematic representation and steady-state protein levels of the Tim50-depleted mitochondria and wild-type mitochon-
dria (wt). Isolated mitochondria (10 g protein, odd-numbered lanes; 20 g protein, even-numbered lanes) were analyzed by Western blotting.
(B and C) Tim50-depleted mitochondria are impaired in the import of matrix-targeted proteins. 35S-labeled mitochondrial precursors were
imported into Tim50-depleted mitochondria or wt mitochondria at 25C in the presence of a  unless indicated otherwise. Where indicated,
the mitochondria were treated with proteinase K after the import reaction. The bands in (C) marked by an asterisk are probably the result of
an internal initiation of translation and not relevant for the import assay.
(D) Tim50-depleted mitochondria are not inhibited in the import of a carrier protein. Import of dicarboxylate carrier was monitored by its
assembly to the native dimeric form (DIC2) on blue native electrophoresis.
Cell
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an early translocation step, i.e., the transport of the but a higher dependence on the presence of Tim50 (Fig-
presequence across the inner membrane. In contrast, ure 6C). Finally, the import of carrier proteins is  de-
import of a carrier precursor, the dicarboxylate carrier, pendent (Pfanner and Geissler, 2001), yet not inhibited
was not impaired in Tim50-depleted mitochondria, as at all by a depletion of Tim50 (Figure 5D). (2) The different
determined by the assembly to the mature dimer in the behavior of the various b2(167)-DHFR constructs resem-
inner membrane (Figure 5D), excluding that the Tim50- bled, however, the dependence on mtHsp70 since the
depleted mitochondria were unspecifically damaged in import of b2(167)-DHFR with the intact sorting signal
the function of the TOM or TIM22 machineries. can occur independently of functional mtHsp70, while
We next studied presequence-carrying preproteins b2(167)-DHFR constructs with impaired sorting signal
that additionally contain inner membrane sorting sig- are transported into the matrix and require mtHsp70
nals, cytochrome c1, Tim18 (Figure 6A), subunit Va of (Voos et al., 1993; Geissler et al., 2000). To exclude the
cytochrome c oxidase (CoxVa) (Figure 6B), and b2(167)- possibility that the import inhibition seen upon depletion
DHFR (with intact sorting signal) (Figures 6C, left, and of Tim50 was due to an impairment of mtHsp70 function,
6D) (Glick et al., 1992; Ga¨rtner et al., 1995a). Surprisingly, we compared Tim50-depleted mitochondria to those of
the import of these preproteins was only mildly affected the ssc1-3 mutant in which mtHsp70 is affected. The
by the depletion of Tim50. The import of Tim18 and preprotein b2(220)-DHFR contains an intact sorting sig-
b2(167)-DHFR into Tim50-depleted mitochondria was nal and additionally a heme binding domain that is stably
delayed, but eventually reached a yield that was close folded in the presence of heme (Figure 6D; Voos et al.,
to that of wild-type mitochondria (Figures 6A and 6C), 1993). The unfolding of the heme binding domain during
whereas the import of matrix proteins, including import into mitochondria strictly requires the function
b2(167)-DHFR with a deletion of the sorting signal, was of mtHsp70 since ssc1-3 mutant mitochondria are
drastically reduced in Tim50-depleted mitochondria and blocked in the import of b2(220)-DHFR, while the import
never reached the yield of wild-type mitochondria even of b2(167)-DHFR into ssc1-3 mitochondria occurs with
after long incubation times (Figures 5B and 5C, data not nearly wild-type rates (b2(167)-DHFR does not contain
shown). an intact heme binding domain) (Figure 6E, lanes 11–14;
Amino acid substitutions in the sorting signal of cyto- Voos et al., 1993). b2(220)-DHFR and b2(167)-DHFR thus
chrome b2 are known that impair the sorting function carry the same sorting signal but have a different depen-
and lead to a partial missorting into the matrix space dence on mtHsp70. The import of b2(220)-DHFR into
(Beasley et al., 1993; Schwarz et al., 1993; Geissler et Tim50-depleted mitochondria was not blocked, but only
al., 2000). We employed two mutant forms of b2(167)- delayed, resembling the situation with b2(167)-DHFR
DHFR: in b2(167)P-DHFR, alanine 63 was replaced by (Figure 6E, lanes 7–10). Moreover, the import of CoxVa
proline, and in b2(167)IC-DHFR, the positively charged strictly depends on functional mtHsp70 (Ga¨rtner et al.,
residues 48 and 49 were replaced by two uncharged 1995b) but not on Tim50 (Figure 6B). These findings
residues (Figure 6D). The import of both preproteins was demonstrate that the requirement for mtHsp70 does not
significantly more affected by depletion of Tim50 (Figure correlate with the dependence on Tim50.
6C) than the import of b2(167)-DHFR with the intact sort- We conclude that the import of matrix proteins with
ing signal. The import of b2(167)P-DHFR and b2(167)IC- the classical matrix targeting signal (presequence)
DHFR never reached the import yield of b2(167)-DHFR, strongly depends on the presence of Tim50, while prese-
but remained at a significantly lower plateau level. By quence-containing preproteins with an additional inner
comparison of the four preproteins derived from the 167 membrane-sorting signal can largely circumvent the re-
N-terminal residues of cytochrome b2, the dependence quirement for Tim50.
on Tim50 correlates with the integrity of the sorting sig-
nal. All four preproteins contain the identical matrix tar-
Discussiongeting signal and C-terminal passenger protein DHFR.
The lack of the sorting signal in b2(167)-DHFR causes
We report the identification of Tim50, a subunit of thea very strong dependence on Tim50, while the partial
presequence translocase of the mitochondrial innerimpairment of the sorting signal by the amino acid sub-
membrane. While all other subunits of the presequencestitutions leads to a partial dependence on the presence
translocase either have their major portion in the innerof Tim50.
membrane (Tim23, Tim17) or are located on the matrixWe wondered if the differential effect of Tim50 deple-
side (Tim44, mtHsp70, Mge1) (Schatz and Dobberstein,tion on protein import could be explained by effects on
1996; Neupert, 1997; Jensen and Johnson, 2001; Pfan-the two known import driving activities, the membrane
ner and Geissler, 2001), the largest domain of Tim50 ispotential  and the ATP-dependent motor mtHsp70.
located in the IMS. This Tim50 domain of40 kDa stably(1) A correlation between the dependence on Tim50 and
binds a 6 kDa segment of Tim23 that stretches throughcan be excluded for the following reasons. The import
the IMS (Donzeau et al., 2000). Several lines of evidenceof CoxVa is rapidly reduced by a diminution of , while
indicate that Tim50 plays an important role in the importSu9-DHFR can also be imported at lower levels of 
pathway of matrix proteins. (1) Antibodies or Fab frag-(Ga¨rtner et al., 1995b); however, depletion of Tim50 af-
ments directed against the IMS domain of Tim50fects the two preproteins differently (Figure 5B versus
strongly inhibit the import of presequence-carrying pre-Figure 6B). b2(167)IC-DHFR and b2(167)-DHFR show the
proteins into mitoplasts. (2) Tim50 is present in the func-same dependence on  (Geissler et al., 2000), but a
tional translocase complex engaged in protein transportdifferent dependence on depletion of Tim50 (Figure 6C).
since it is enriched in a TOM-TIM23-preprotein complexThe import of b2(167)P-DHFR even has a lowerdepen-
dence than that of b2(167)-DHFR (Geissler et al., 2000), and can be crosslinked to a preprotein in transit. (3) A
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Figure 6. Preproteins with Sorting Signal Can Be Imported into Tim50-Depleted Mitochondria
(A and B) Import of cytochrome c1, Tim18 and CoxVa. 35S-labeled precursors were imported into Tim50-depleted mitochondria or wt mitochondria
in the presence of a  unless indicated otherwise. The band in (B) marked by an asterisk is probably the result of an internal initiation of
translation and not relevant for the import assay (Ga¨rtner et al., 1995b).
(C) Alterations of the sorting signal affect the dependence of protein import on Tim50. 35S-labeled precursors were imported in the presence
of a . i and i*, processed forms.
(D) Schematic representation of cytochrome b2-DHFR constructs. Heme-BD, heme binding domain.
(E) The dependence of protein import on mtHsp70 does not correlate with the dependence on Tim50. b2(167)-DHFR and b2(220)-DHFR were
imported into Tim50-depleted mitochondria or wt mitochondria, as well as into Ssc1-3 and corresponding wild-type mitochondria.
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selective depletion of Tim50 strongly impairs the import tion across the inner membrane, we suggest that the
of matrix proteins, whereas the import of carrier proteins sorting signal is not simply of secondary function, but
is not affected. (4) Tim50 is essential for cell viability. plays an active role in directing and inserting the prepro-
While yeast can live on fermentable medium without the tein into the membrane. The inner membrane-sorting
complexes of the respiratory chain or the mitochondrial signals show similarity to the signal sequences of pro-
genome, a few mitochondrial proteins are essential for karyotes and the endoplasmic reticulum (Rapoport et
cell viability under all growth conditions, in particular al., 1996). According to the endosymbiont hypothesis
components of the protein import and folding machin- of mitochondrial evolution, the ancient mitochondrial
ery. This includes Tom40 (all other Tom proteins are membrane proteins were originally synthesized in the
dispensable), the known subunits of the presequence matrix and targeted into the inner membrane by the
translocase, and some subunits of the carrier translo- hydrophobic sorting signals. Upon transfer of the genes
case (Schatz and Dobberstein, 1996; Neupert, 1997; to the nucleus, a positively charged targeting signal was
Jensen and Johnson, 2001; Pfanner and Geissler, 2001). added to the N terminus that directed the proteins back
Thus, Tim50 seems to play an essential role in the mito- to mitochondria (Schatz and Dobberstein, 1996; Neu-
chondrial import machinery. pert, 1997). When the prokaryotic-type signal sequence
Surprisingly, the requirement of Tim50 is different for is additionally present in the preprotein, its membrane
the two main types of presequence-carrying proteins. insertion activity apparently allows translocation by a
Matrix proteins possess a presequence with the classi- rudimentary presequence translocase that consists of
cal positively charged targeting sequence and strongly the channel core unit only, suggesting that this signal
depend on the presence of Tim50. Presequence-car- is not only used as a sorting signal, but can support
rying preproteins destined for the inner membrane or membrane insertion. This signal does not, however, fol-
IMS additionally contain a sorting signal. The import of low the export pathway conserved from the prokaryotic
the latter preproteins was only mildly affected by a lack ancestor of mitochondria, but promotes membrane in-
of Tim50. It has been reported that with some prepro- sertion in the opposite direction, i.e., from the IMS side
teins, the sorting signals can substitute in part for the of the inner membrane. It is tempting to speculate that
dependence of import on the inner membrane potential in an early phase of mitochondrial evolution, the proteins
or the mtHsp70 import motor (Voos et al., 1993; Ga¨rtner carrying both a matrix targeting signal and a sorting
et al., 1995a, 1995b; Geissler et al., 2000). We thus en- signal were among the first to be imported from the
sured that the differential effect of Tim50 depletion on cytosol, while the massive import of the bulk of matrix
preproteins with and without a sorting signal cannot be proteins evolved later since it required a more sophisti-
attributed to a differential dependence of the prepro- cated presequence translocase including Tim50.
teins on  or mtHsp70. In fact, all tested preproteins
with a sorting signal were able to largely circumvent Experimental Procedures
the lack of Tim50, while the import of all tested matrix
Genetic Manipulations and Growth Conditionsproteins strongly depended on the presence of Tim50.
A cassette containing the NOP1 promoter and two IgG bindingWe propose that the presequence translocase not only
domains of S. aureus protein A fused N-terminally to S. cerevisiaeconsists of two, but of three structural and functional
Tim23 was constructed, cloned into pRS414 (Stratagene), and trans-
building blocks: an inner membrane core unit with the formed into S. cerevisiae strain MB29. The plasmid carrying wild-
channel Tim23 and Tim17, Tim50 on the IMS side, and type TIM23 was removed from MB29 by selection on 5-FOA. Tim23
the mtHsp70 import motor on the matrix side. The Tim23 (encoding residues 51–222) with authentic 3 and 5 regions was
constructed by PCR utilizing gene SOE and cloned into pRS413. Achannel is needed for the import of all presequence-
yeast strain expressing Tim2351–222 was generated through plasmidcarrying preproteins. Tim50 is required for the import
shuffling in MB29.of the large number of matrix proteins with classical
The GAL1 promoter was integrated 5 to the TIM50 open readingpresequences, while its presence is not essential for the
frame into the chromosome leading to AG55Gal (MATa, ade2-101,
import of preproteins with a sorting signal. MtHsp70 is his3-200, leu2-1, ura3-52, trp1-63, lys2-801, tim50::HIS3-
critical for the import of all matrix proteins and for those PGAL1-TIM50). For isolation of mitochondria from the AG55Gal-
preproteins with a sorting signal that additionally carry strain, cells were precultured onto YP, 3% lactate, 2% galactose,
1% raffinose (pH 5.0) and subsequently grown for 36 hr on lactatea tightly folded domain.
medium (YP, 3% lactate [pH 5.0]) at 30C.In summary, Tim50 on the IMS side is essential for
directing the majority of presequence-carrying prepro-
Isolation of the TIM23 Complexteins, the matrix proteins, to the inner membrane import
Mitochondria (1 mg protein/ml) were lysed at 4C in solubilizationsite. We propose that the large IMS domain of Tim50
buffer (20 mM Tris-HCl [pH 7.4], 1% [w/v] digitonin, 0.1 mM EDTA,
guides the preproteins to insertion into the Tim23 chan- 50 mM NaCl, 10% [w/v] glycerol, and 1 mM PMSF). Insoluble material
nel via its direct contact with the N-terminal segment of was removed by centrifugation at 20,000  g for 15 min. Soluble
the channel. Preproteins possessing hydrophobic sort- material was incubated with IgG-Sepharose for 2 hr at 4C. After
removal of unbound material and washing of the column with 30ing signals can insert into the inner membrane in the
vol of wash buffer (20 mM Tris-HCl [pH 7.4], 1% [w/v] digitonin, 0.1absence of Tim50. Under these conditions, the sorting
mM EDTA, 200 mM NaCl, 10% [w/v] glycerol, and 1 mM PMSF),signal promotes the further translocation of the matrix
bound proteins were eluted with SDS-sample buffer.targeting signal such that it becomes accessible to the
matrix processing peptidase. While it has been assumed
Isolation of a TOM-TIM Translocation Intermediate
so far that both signals operate in a consecutive manner, Mitochondria (250 g protein) containing Tom22 with a C-terminal
i.e., the positively charged matrix targeting signal at the His10-tag (Meisinger et al., 2001) were incubated with 20 g purified
N terminus leads translocation into the matrix and the b2(167)-DHFR for 15 min in import buffer in the presence of 5 M
methotrexate (Dekker et al., 1997). Purification of the translocationhydrophobic sorting signal then stops further transloca-
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intermediate complex was performed essentially as described for 0.4% (w/v) digitonin, 20 mM Tris-HCl (pH 7.4), 50 mM NaCl, 1 mM
PMSF, and Complete Protease Inhibitor Cocktail (Boehringer). Thethe TOM complex (Meisinger et al., 2001).
gradient was obtained by freeze/thawing at	20C/RT. Mitochondria
(1 mg protein) were solubilized in buffer containing 1% (w/v) digito-Two-Hybrid Assay and In Vitro Binding
nin, 20 mM Tris-HCl (pH 7.4), 50 mM NaCl, 10% (w/v) glycerol, 1To generate fusions of the Gal4-AD and Gal4-DB with Tim50131–476,
mM PMSF. After a clarifying spin (15 min, 20,000  g), samplesTim231–50, and Tim231–98 in plasmids pPC86 and pPC97, fragments
were centrifuged for 19 hr at 210,000  g.were generated by PCR. Double transformants in PCY2 were se-
lected on SD-medium and analyzed for -galactosidase activity.
Ni-NTA Agarose with and without immobilized His10-Tim50IMS was Miscellaneous
equilibrated with binding buffer (0.5% [v/v] Triton X-100, 20 mM In gel digest, sample preparation for nano-HPLC separation, and
HEPES-KOH [pH 7.5], 100 mM KOAc, 10 mM MgOAc, 10% glycerol, ESI mass spectrometry were performed as described by Sickmann
20 mM imidazole, EDTA-free protease inhibitor cocktail [Roche]). et al. (2002). In some figures nonrelevant gel lanes were excised by
Wild-type or Tim2351–222 mitochondria (1 mg protein/column) were digital treatment. IgG was purified from rabbit serum according to
solubilized in binding buffer containing 1 mM PMSF for 20 min on So¨llner et al. (1991). Preparation of Fab fragments from purified IgG
ice. Following a clarifying spin, the supernatant was applied to the was performed using Immunopure Fab Preparation Kit (Pierce). The
Agarose beads. The columns were washed with binding buffer con- b2(167)-DHFR protein was expressed and purified as published
taining 0.25% (v/v) Triton X-100. Proteins were eluted with 20 mM (Dekker et al., 1997).
Tris-HCl (pH 8.0), 500 mM NaCl, 500 mM imidazole. His10-Tim50IMS
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